Abstract Plastic bronchitis (PB) is a rare disease that often occurs in patients with congenital heart disease (CHD) who have undergone staged single-ventricle palliation. It is characterized by the formation of rubbery ''casts'' in the airways. PB treatment frequently includes inhaled tissue plasminogen activator (tPA). However, the efficacy of tPA to reduce cast burden is unknown. This is further complicated by our lack of knowledge of cast composition. We obtained spontaneously expectorated PB casts from children (n = 4) with CHD and one adult patient with idiopathic PB. Pathological assessment was made from paraffin-preserved samples. Casts were treated with phosphate-buffered saline (PBS) or tPA. Cast response to tPA was assessed by changes in cast weight and the production of fibrin D-dimer. Independent of dose, tPA reduced cast weight compared with PBS-treatment (P = 0.001) and increased D-dimer levels. Histological staining showed that PB casts from all patients were composed of fibrin and contained notable numbers of lymphocytes. Cast composition did not change over time. Collectively, these data support that in our PB patients, casts are composed of fibrin and are responsive to tPA treatment. This makes inhaled tPA a potentially viable option for symptomatic relief of PB while we work to unravel the complexity of PB pathogenesis.
Background
Plastic bronchitis (PB) is a rare, primarily pediatric disease that might be a complication of congenital heart disease (CHD) or its surgical palliation by the Fontan procedure [7, 9, 12, 13, 16, 21, 29] . The hallmark of PB is the formation of rubbery ''casts'' in the airway (Fig. 1 ) that have been reported to be composed of mucin, fibrin, or a mixture of both and can partially or completely obstruct the airways [19, 22] . They are usually spontaneously expectorated but can require urgent or emergent bronchoscopy for expeditious removal in cases of severe respiratory distress [21] . PB is particularly problematic in children with Fontan physiology because it contributes to morbidity and mortality and there is no known effective pharmacotherapy [2, 13, 16, 27] .
Plastic bronchitis has also been reported to occur in patients with pulmonary diseases such as asthma and cystic fibrosis and as a consequence of acute chest syndrome in sickle cell disease [2, 16] . In some cases, an underlying etiology is not apparent; these patients are classified as idiopathic. Unfortunately, PB is ill-defined because the natural history of the disease is poorly understood and, to date, only case reports exist in the literature. As such, the prevalence of PB is not known and the lack of prospective, longitudinal studies has hindered the advancement of our knowledge of PB etiology, pathogenesis, and treatment.
Presently, PB treatment is anecdotal and patients often receive a number of drugs, including inhaled corticosteroids, dornase alfa, N-acetylcysteine, bronchodilators, and antibiotics. In some cases, fibrinolytic agents-inhaled urokinase or tissue plasminogen activator (tPA), both with unknown clinical safety and efficacy-have been used to reduce cast burden [7, 9, 22, 28, 29] . At the University of Michigan, inhaled tPA (Activase Ò , Genentech, San Francisco, CA, USA) is commonly used in repeated doses for the treatment of acute PB. Based on our clinical dosing schemes and data from experimental models, we have a reasonable estimate of the amount of tPA that can be safely delivered to the airways in the absence of PB casts [10, 15, 25] . However, there is presently little evidence of the effectiveness of tPA for PB cast reduction [7, 9, 28] . These data are essential to demonstrate the utility of tPA for the treatment of PB.
A previously proposed taxonomy constructed using retrospective case reports of PB suggested that in children with CHD, most cases of PB are due to mucinous casts and that mucus hypersecretion is the primary underlying cause of PB in these patients [16] . In addition, many of these cases describe casts as containing few or no cells or do not provide histological evidence of cast composition [1, 2, 4, 8, 18, 20, 22, 23] . Our observation of the University of Michigan's Fontan population has been the production of what most often seems to be fibrin casts. Explanations for this difference include the possibility that cast composition changes over time and case reports only captured a single point in time during which casts were composed of mucin or that pathologic assessments were incomplete. Resolution of this discrepancy is inherent to improving our understanding of the pathogenesis of PB and has important implications in the treatment of patients with PB because fibrin casts would be more effectively treated with fibrinolytic rather than mucolytic therapy.
To this end, we undertook a prospective, longitudinal study of patients with PB to assess cast composition and to measure the responsiveness of casts to tPA ex vivo.
We report that our PB patients typically produce fibrin, cellular (lymphocytes) casts that are responsive to amounts of tPA that are consistent with those that can be safely delivered to the lungs [10, 15, 25] .
Methods

Patient Enrollment
The study was approved by the University of Michigan Health System's Institutional Review Board (HUM00031493). Patients with active PB were considered eligible for participation. Written informed consent was obtained from adult patients and parents (or legal guardians) of patients less than 18 years of age. Written assent was obtained from patients aged 7 years or older. Following consent, a cast collection kit, consisting of a conical tube (50 ml) containing sterile phosphate-buffered saline (PBS), overnight express mail supplies and instructions, and a medication use form, were provided to subjects. Patients were instructed to submit casts immediately after expectoration and to complete a medication use form for the 24 h prior to cast production. Upon receipt of a cast, patients were sent another collection kit for subsequent cast submission.
For Fontan patients, demographic information, including age at date of operation (DOO), type of Fontan, underlying CHD, and onset of PB from DOO, was extracted from the medical record.
Cast Samples
Upon receipt, casts were rinsed in sterile PBS, photographed, and weighed. Casts for pathological assessment were fixed in buffered formalin for 48 h, after which they were transferred to ethanol (70%) and placed in cassettes in preparation for paraffin embedding. Clinical cast samples that were acquired during the study period were also assessed for composition. Routinely prepared histologic sections stained with hematoxylin and eosin were reviewed by two of us with expertise in pulmonary pathology (LS, JM). In addition, sections were specifically stained for mucin (Mucicarmine stain, AccustainÒ; Sigma Aldrich, St. Louis, MO, USA) and fibrin using the Martius yellowbrilliant crystal scarlet blue (MSB) technique [3] . Cast for tPA testing was sectioned into equal parts based on weight (±5%) and dried (37°C) until dry weight was achieved. Dried samples were placed in sterile tubes (12 9 75 mm; BD Falcon, Franklin Lakes, NJ, USA) that contained either sterile PBS or human recombinant tPA (0.5-5 lg; Activase, Genentech) with human glu-plasminogen (0.5 lM; Molecular Innovations, Novi, MI, USA). A tube containing PBS without cast was used as a negative control. Activase was reconstituted according to the manufacturer's instructions. An aliquot (10 ll) was removed from each tube at 1, 2, 4, 8, and 24 h and was frozen (-80°C) until the time of assay. The posttreatment cast was dried (37°C) and the percent change in cast mass was calculated by subtracting the posttreatment dry weight from the pretreatment dry weight and dividing it by the pretreatment dry weight; this number was multiplied by 100.
Assays
Samples were thawed on ice at the time of assay. The amount of active tPA and fibrin D-dimer were measured by enzyme-linked immunosorbent assays (ELISA) that we developed and optimized in our laboratory using samples acquired in this study. Briefly, for the active tPA assay, the wells of Immulon II microtiter 96-well plates were coated with 100 ll/well of NeutrAvidin (1:1000, #A2666; Invitrogen, Carlsbad, CA, USA) and incubated overnight (4°C). After plate washing (BioTek ELx405, Winooski, VT, USA) with wash buffer (0.05% Tween-20 in 19 PBS, pH 7.2) and blocking buffer (1 9 PBS with 0.1% Tween-20 and 1% BSA) was added to each well. After a second wash, 100 ll of human plasminogen activator inhibitor biotin (1:2000, #INTBIOPAI-A; Innovative Research, Novi, MI, USA), was added to each well. Standards (recombinant human tPA, 0-2 ng/ml) and samples (100 ll/well) were added in duplicate to respective wells. Detection antibody (100 ll of 1 lg/ml; mouse anti-human tPA; Calbiochem, Gibbstown, NJ, USA) was followed by 100 ll of a horseradish perioxidase (HRP) conjugated antibody (1 lg/ml; goat anti-mouse IgG HRP; Southern Biotech, Birmingham, AL, USA) and TMB substrate solution (100 ll/well). The reaction was stopped by the addition of sulfuric acid (100 ll of 2 N). The D-dimer assay was prepared and performed in a similar manner except that the plate was coated with an antibody to the murine Mab against human D-dimer IgG 3K (1:500, #300; American Diagnostica, Stamford, CT, USA) and a sheep anti-human fibrin fragment E antibody (1:500, #CL20065A; Cedar Lane Labs, Burlington, NC, USA) was used for detection. For both assays, plates were read at 450 nm and the absorbance data were acquired using a ThermoMax microplate reader (Molecular Devices, Sunnyvale, CA, USA). The active tPA and D-dimer concentrations of each sample were derived from the linear phase of each standard curve as analyzed by the reader's software (Softmax PRO 4.1; Molecular Devices).
To investigate whether PB cast contained measurable amounts of active tPA, the main stem of two casts, one of which was from a patient receiving inhaled tPA, were sectioned (proximal to distal) and homogenized as previously described [15] . Prior to active tPA ELISA, proteins of C100 kDa were cleared from the lysates by centrifugation using an Amicon Ultra centrifugal filter (Millipore, Billerica, MA, USA) with a 100-kDa membrane.
Changes over time in cast weight and active tPA and D-dimer concentrations were determined by ANOVA followed by a Tukey-Kramer post hoc test when applicable. Differences in PBS and tPA treatment were compared using a Student's t-test. A two-sided P-value of B0.05 was considered significant. Statistical analyses were performed using InStat (GraphPad Software, Inc., LaJolla, CA, USA).
Results
Patient Characteristics and Cast Samples
Five patients were enrolled into the study. Four were children with CHD, including three boys and one girl, three of whom had Fontan (fenestrated) physiology (Table 1) . A total of 20 cast samples were acquired from five patients over a 9-month period. For longitudinal pathological assessment, at least three serial cast samples from each of four patients (three Fontan and one idiopathic) were evaluated. Eleven cast samples from all five patients were tested for responsiveness to tPA.
Medication Use
Anti-inflammatory and pulmonary delivered medication use for the 24-h prior to cast expectoration consisted primarily of inhaled corticosteroids and bronchodilators. Two patients routinely received dornase alfa (Pulmozyme Ò ; Genentech) and one patient received inhaled tPA (Activase; Genentech) on three occasions prior to cast expectoration.
Pathology
Histological staining showed that all studied casts were primarily composed of fibrin (Fig. 2a) . In addition, casts contained patchy cellular infiltrates in which lymphocytes predominated with a minor component of macrophages (Fig. 2b) . Small whisps of mucin were evident in some casts that were located in the cast periphery (Fig. 2c) . Other casts had no identifiable mucin on routinely stained or mucicarmine-stained sections (Fig. 2b, d ). These findings were consistent for all of the samples over time.
Cast Responsiveness to tPA
All doses of tPA tested reduced cast weight compared with PBS treatment (P \ 0.05), but there was no tPA dose response (Fig. 3a) . Independent of dose, tPA and PBS treatment reduced mean (?SD) cast mass by 68% (?17.3%) and 22% (?12.8%), respectively (Fig. 3b) . In the presence of cast and added glu-plasminogen, tPA concentrations declined rapidly and to the same extent (mean ? SD: 83.4 ? 4.7%) regardless of tPA dose within the first hour of incubation (Fig. 4a) . Active tPA was also detected when cast was treated with PBS alone (Fig. 4b) , suggesting that cast contained tPA. This might have contributed to the 22% decline in cast weight with PBS treatment (Fig. 3a, b) . The presence of tPA in cast was confirmed by ELISA of homogenized cast sections (Fig. 5) . As expected, the cast homogenate from a patient receiving inhaled tPA contained more active tPA than that from a patient who was not. However, the proximal to distal distribution pattern of tPA was similar. The tPA responsiveness and fibrin content of the PB cast samples was further evidenced by progressively increasing amounts of the fibrin degradation product, D-dimer, over the 24 h incubation period (Fig. 6) .
Discussion
This is the first prospective, longitudinal study of PB cast pathology and cast responsiveness to tPA. The work is significant because it demonstrated that in a small cohort of patients, PB casts were consistently fibrin and, most often, cellular (lymphocytes). Mucin was evident in some casts, but it was primarily localized in the cast periphery, which is not unexpected given that PB casts originate in the airways. Our findings introduce the concept that PB could be uniquely defined by the formation of fibrin casts in the airways. Fig. 3 Percent cast weight reduction normalized to the ratio of the amount of added tPA to the dry weight of each cast sample (a). Each data point represents a section (n = 40) from a whole cast. At least three sections from each of 11 cast samples were tested for tPA responsiveness using different amounts of tPA and PBS as a negative control. There was no evidence of a tPA dose response (P [ 0.05 by ANOVA; also see discussion), so data were pooled and compared with PBS treatment (b). tPA treatment resulted in a greater reduction in cast weight compared with PBS (*P = 0.001 by unpaired Student's t-test). Data are the mean (?SD) of 11 PBS-treated and 29 tPA-treated cast samples Fig. 4 Changes in active tPA concentration over time in the presence of glu-plasminogen and cast (a). The initial rapid decline in tPA concentration is indicative of plasminogen activation that occurred to a similar extent at all tPA doses. During incubation of cast with PBS, tPA was detectable at all time points (b). Standard deviations were removed for clarity. Data are the mean of 4-10 cast samples for each amount of tPA and PBS. The lower limit of detection of our tPA assay was 0.04 ng/ml To date, our knowledge and understanding of PB is based on case reports and a proposed taxonomy of PB casts [16] . The development of this taxonomy relied on case reports, most of which do not provide evidence of cast composition. The prospective work presented here suggests that PB in patients with CHD is represented by the production of cellular, fibrin casts. This is evidenced by histological assessment, a reduction in cast weight following treatment with the fibrinolytic, tPA, and the production of the fibrin degradation product, D-dimer, by casts treated with tPA. However, we acknowledge that our small sample size from a single center might not be representative of the CHD population with PB. A larger, multicenter study is needed to confirm these findings. In addition, because our patients all received inhaled medications, including dornase alfa, tPA, and anti-inflammatory drugs, we cannot eliminate the possibility that these agents might have influenced cast composition and cellular content.
Interestingly, our data also showed measurable amounts of tPA in PB cast. Previous experimental studies have demonstrated the presence of a fibrinolytic system localized in bronchial epithelial cells. The functionality of this system might be important in the regulation of the microenvironment of the lungs [5, 17] . Our finding of the presence of tPA in PB cast further substantiates this and suggests that the pulmonary fibrinolytic system could be a factor in the development of PB. This warrants consideration in future studies and in the development of experimental models of PB.
The etiology of PB remains unclear and the natural history of the illness has not been characterized. Most often, it is observed as a rare complication of Fontan physiology, but the prevalence and mechanism is unknown [11] . In this study, subjects consistently produced fibrin casts laden with lymphocytes. This composition is consistent with that of lymphatic fluid and supports the hypothesis that high pulmonary or intrathoracic lymphatic pressure and/or the presence of undetected lympho-bronchial fistulas could contribute to the etiology of PB [24] . However, why some patients with high pulmonary pressure develop PB and others do not remains unclear. In addition, although a reduction of pressure in the pulmonary venous circulation or improvement in cardiac output might alleviate symptoms, it is not curative and illustrates that the pathophysiology of PB is much more complex than the presence of elevated Fontan pressures alone.
At present, inhaled tPA is anecdotally used to treat PB [7, 9, 28, 29] . In this study we showed that tPA, in amounts derived from experimental models, was effective in reducing cast mass ex vivo [10, 15, 25] . This is a reasonable approach for these initial experiments, and although this is an encouraging result, much has yet to be done to optimize (1) proximal, (2) mid, and (3) distal sections and homogenized. The amount of tPA (lg) in each piece was normalized to protein content (lg) of the respective homogenate Fig. 6 Fibrin D-dimer increased over time with tPA treatment providing additional evidence of the tPA responsiveness and fibrin content of PB casts in our patients. These data also corroborate the presence of tPA in cast, as D-dimer was evident in samples treated with PBS. In the absence of cast, D-dimer was not detected in PBS or at any of the tPA doses (data not shown). Data are the mean of three cast samples at each time point for each amount of tPA. Standard deviations were removed for clarity. The lower limit of detection of our D-dimer assay was 3.1 ng/ml the pulmonary delivery of this therapeutic protein, which appears to have a prolonged elimination in the lungs compared with that of the systemic circulation [15] . In addition, further characterization of the distribution of inhaled tPA in the presence of PB casts in the airways is needed to optimize dose. Notably, from this ex vivo study, the cast from a patient receiving inhaled tPA had more detectable tPA than the one from a patient who was not receiving tPA, suggesting that inhaled tPA reached the site of action. Nevertheless, this finding needs to be interpreted with caution because we do not know the tPA content of this patient's cast in the absence of inhaled tPA and whether the amounts of active tPA in cast vary across patients.
Our study also showed that increasing amounts of tPA did not improve cast weight reduction. In fact, there was no evidence of a tPA dose response using this end point. The absence of a dose-dependent effect is likely due to the Michaelis-Menten kinetics of plasminogen activation by tPA and limitations that exist in the ex vivo setting. This included the use of a fixed amount of plasminogen in the presence of a broad range of tPA doses and the likelihood of varying amounts of fibrin across cast samples [14, 26] . In an attempt to control for varying fibrin content, we started with equal wet weights rather than dry weights because at the time the study was undertaken, we did not have information on cast content and wanted to avoid cast manipulation that could skew tPA response. Nevertheless, despite similar wet weights, it is likely that fibrin content varied across cast samples of which even subtle differences can change the rate and extent of plasminogen activation and fibrinolysis [6] . This phenomenon is also evident in the measurement of fibrin D-dimer, which also did not exhibit a tPA dose response. Therefore, until more elaborate in vivo and clinical data are available, a conservative approach to the pulmonary dosing of tPA might be warranted to minimize the potential for adverse events while we work toward an ideal dosing scheme.
In conclusion, these data support that in PB patients at the University of Michigan, casts are primarily composed of fibrin and are responsive to tPA treatment. This finding is further evidenced by the ability of tPA to reduce cast mass, making inhaled tPA a potentially viable option for symptomatic relief of PB while we work to unravel the complexity of PB pathogenesis.
